INTRODUCTION
Local anesthetic infusion techniques have been reported to reduce opiate requirements and pain scores following different kinds of surgery, including orthopedic surgery [1, 2] , inguinal hernia [3] , and Cesarean surgery in women [4] . Decades ago, wound infiltration with either ropivacaine or bupivacaine was reported as a good pain control approach following surgery [5] . In the present study, we assessed the hypothesis that PRF-108 and PRF-110 formulations afford prolonged pain relief following surgery.
PRF-108 and PRF-110 are new extended-release oily formulations of ropivacaine and are generally recognized as safe excipients intended for local administration into surgical wounds. The formulations are designed to slowly release the ropivacaine. It is expected that the provision of local analgesia over a long time span will reduce the need for systemic analgesics, especially opiates, and that this may also shorten the hospitalization time. The two formulations are very similar and differ in only a single ingredient, DMPG (1,2-dimyristoyl-sn-glycero-3 phosphoglycerol NH 4 /Na salt). To test this hypothesis, the above formulations were applied to the wound space in an incisional model in pigs [6] .
METHODS

Drugs
PRF-108 at a concentration of 4% ropivacaine in either 4% ethanol (Group 3) or 6% ethanol (Group 4) or PRF-110 in 6% ethanol was injected sub-cutaneously in the incision area at a volume of 2.5 mL on each side. The ropivacaine hydrochloride solution (Naropin Ò 1%, AstraZeneca) was diluted in saline to achieve a concentration of 0.5%. Vehicle-treated animals were treated with 6% ethanol/viscous material.
Drug Formulation
All drug combinations were prepared by Nextar ChemPharma Ltd., Israel, from the following components: ropivacaine hydrochloride H 2 O (Haorui Pharma-Chem. Inc.), lecithin phospholipon 90G (PL90G; Phospholipid GmbH), castor oil (Spectrum Chemical Mfg.
Corp.), cysteine hydrochloride (Spectrum Chemical Mfg. Corp.), absolute ethanol (Merck), and, for PRF-108 only, DMPG (1,2-dimyristoyl-sn-glycero-3 phosphoglycerol NH 4 /Na salt; Avanti). All components met the 'generally recognized as safe' criteria of the Food and Drug Administration.
The composition of 4% ropivacaine PRF-108 was ropivacaine hydrochloride monohydrate 4.78% (w/w), PL90G 50.89% or 48.89% (w/w; 4% or 6% ethanol formulation, respectively), castor oil 35.21% (w/w), cysteine hydrochloride 0.10% (w/w), and ethanol 4% or 6% (w/w). The composition of 4% ropivacaine PRF-110 was ropivacaine HCl monohydrate 4.78% (w/w), PL90G 53.91% (w/w), castor oil 35.21% (w/w), cysteine HCl 0.10% (w/w) and ethanol 6.0% (w/w). Ingredients were weighed and dissolved in excess ethanol, blended by sonication in a pharmaceutical reactor at 50°C. Sonication was continued for 4 h, and additional 1-h periods if needed, until a clear solution was obtained. The solution was dried in a rotary evaporator (rotor 60 rpm, vacuum 40-200 mbar) and the final alcohol content was corrected to 4% or 6% as indicated.
Animals and Housing
Danish Landrace X large white crossbred weaned male pigs (n = 46) from the domestic herd at Lahav Labs (Negev, Israel) were used.
Prior to the beginning of the experiment, all animals were kept under conventional pig production conditions. All pigs were 7-8 weeks old and weighed 10 ± 1 kg at the start of the study. The animals were housed in open pens (1.4 9 2.4 m) 7 days prior to study initiation. The pigs were kept in groups of two or three during the acclimatization period and throughout the experiment. Feeding occurred three times daily using special pig food (Dry Sows; Ct # 5420; Milobar, 7880, Oshrat, Israel), and the pigs were provided opportunities to root and chew for enrichment. Fresh water was provided ad libitum by an automated system. The pigs were kept on a 12-h light/dark cycle. [7] . All tests were performed blind, that is, the technician was unaware of the individual animal's treatment.
Habituation Protocol
The pigs were habituated to the protocol for 5 days prior to surgery. The researchers, the veterinarian, and the animal care technicians played with the pigs in their home pen for at least 15 min, twice a day, on each day of the acclimatization period and throughout the experiment. As a result, the pigs became familiar with their observers. This ensured calm and consistent handling of the animals.
The same technicians cared for the animals throughout the entire study period. No other people were allowed into the housing facility.
To familiarize the pigs with the protocol and technicians, they were trained to walk to the preparation room daily during the habituation period. The pigs were always returned to their original pens with their original pen mates. The habituation process was intended to reduce the stress level of the pigs.
Anesthesia, Surgery, and Drug Application
On the day of surgery, the pigs walked freely to the preparation room. The operation is fully detailed in Castel et al. [6] . Briefly, a 6-to 7-cm incision was made through only the skin and fascia, keeping the muscle intact. The incision was made on the left side of the lower back toward the caudal end.
Immediately after the incision was made, the drug was applied to the pocket resulting from the skin incision. Following drug administration, the incisions were closed using achieved, a thinner filament was applied. By alternating the filaments, the force required to achieve a withdrawal reaction was determined. This procedure was carried out at different time-points during 48 h of post-surgery follow-up.
Incision Healing
The incisions of all animals were scored throughout the study period (48 h). Three additional sham-operated animals and three animals treated with PRF using the 6% ethanol formulation were culled 14 days post-administration and the area of the incision was taken for further histology analysis. The incision of these animals was closely observed and scored during these 14 days of follow-up. The score was composed of two categories: redness (0 = normal; 1 = slight redness at the area of the incision; 2 = diffuse redness) and swelling (0 = no swelling; 1 = slight swelling; 2 = pronounced swelling). The final score of each animal was the sum of the scores on each category. The incision area was photographed daily.
At the end of the study, photographs were taken again, the animals were euthanized, and the incision and surrounding areas were taken for histological analysis of wound healing. The skin samples were collected from each wound area such that the surgical incision was located in their center. The samples all had similar dimensions (ca. 5 cm long 9 3 cm wide 9 2 cm deep) and were individually identified. Their cranial edge was marked with a tissue dye (Davidson Marking System). The samples were then pinned to a flat piece of polystyrene foam to maintain their flat shape and were placed individually into containers with 10% neutral buffered formalin for fixation. The cranial edge was also marked on the polystyrene foam. Each sample was evaluated in three 5-lm paraffin-embedded sections. Sample A was approximately 1 cm from the marked (proximal) edge, sample B was from the middle, and sample C was approximately 1 cm from the contralateral distal edge. The healing of each section of the samples was graded. These healing scores served to determine a grade for the entire sample. The grading was as follows: excellent (4) = full healing via a narrow fibrous scar without significant inflammation; very good (3) = full healing, similar to the above but with some less desirable variations, e.g., wider scar but still discrete and/or mild inflammation; good (2) = full healing with extensive local fibrosis, in some cases with some mononuclear inflammation; and poor
(1) = all other types of tissue reactions.
Blood and Wound Liquid Collection
Venous blood samples (3.5 mL samples) for measurement of the plasma concentration of ropivacaine were drawn at 13 time-points over a period of 38-h post-test item administration. Blood samples were drawn into cooled test tubes (at approximately 4°C) pre-loaded with EDTA-K3. Samples were centrifuged within 15 min of sampling in a cooled centrifuge (at approximately 4°C). The supernatant (plasma) was collected for further analysis.
At 48 h, the animals were culled and the wounds were opened. The wound liquid was collected using a 10G needle and a pre-EDTA-K3 loaded syringe. The liquid was then centrifuged and kept at -80°C until further analysis.
Analysis of Ropivacaine in PRF-108 and PRF-110 Plasma Samples
Quantitative analysis of ropivacaine levels in plasma was performed using a HPLC/MS/MS method on a Phenomenex Synergi column 150 9 2 mm, 4 lm, Polar-RP, 80A, P.N. 
Study Design
Animals were assigned to five groups as follows:
vehicle-treated animals (Group 1); Naropin-treated group (Group 2); PRF-108 in 4% ethanol (Group 3); PRF-108 in 6% ethanol (Group 4); and PRF-110 in 6% ethanol (Group 5). There were 4-6 animals per group.
The study was performed in four parts: part 1, habituation (study day -5 until study day 0); part 2, surgery and drug application; part 3, pain assessment for 48 h; and part 4, blood collection and tissue wound liquid collection (Fig. 1) .
Two additional sham-operated animals and four additional animals were dosed with PRF-108 using the 6% ethanol formulation. These animals were followed for 14 days post-injection. At day 14, the animals were culled and the incision area was taken for further histology analysis of wound healing. Fig. 1 Study design. The figure shows the study activity over a period of 48 h. However, six additional animals were observed for a period of 14 days at day 14. These animals were culled and the incision area was removed for wound healing analysis
Data Analysis
The results are presented as mean ± standard error of the mean. Comparisons between groups were performed using one-way analysis of variance followed by Dunnett's test (GraphPad Prism Ò , GraphPad Software, Inc.) and assuming a normal distribution of data. Pharmacokinetic data were analyzed using the Wilcoxon non-parametric test. A P value \0.05 was considered significant.
RESULTS
Assessment of pain for a period of 48 h post-surgery and placebo application showed a significant decrease in withdrawal force. At baseline, the withdrawal force of the animals was 60.00 ± 0.00 g. One hour post-dosing, the mean group withdrawal force was as low as 2.80 ± 1.00 g at 3 h post-surgery for the placebo-treated animals (P\0.05 vs. baseline).
This low withdrawal force was also detected on study day 33 (1.67 ± 0.30 g). Treatment with PRF-108 using a formulation of 4% ropivacaine/ 6% ethanol or 4% ropivacaine/4% ethanol was effective in increasing the withdrawal force at 3 h (35.50 ± 7.7 and 35.50 ± 7.9 g, respectively, P\0.05 vs. the saline group). Treatment with PRF-110 was as effective as PRF-108 with a formulation of 4% ropivacaine/6% ethanol (Fig. 2) . At 24 h post-surgery, animals treated with 4% ropivacaine/4% ethanol experienced reduction in withdrawal force compared to animals treated with 4% ropivacaine/6%
ethanol. However, this change was not significant (16.33 ± 3.8 vs. 35.50 ± 7.9 g, respectively). The mean group withdrawal force for the animals treated with PRF-110 was 34.67 ± 8.4 g at 24 h post-surgery.
Naropin treatment was not as effective as PRF-108 or PRF-110 in increasing the withdrawal force. At 3 h post-application, treatment with Naropin resulted in a mean (Fig. 3) . A pharmacokinetic study exploring the level of ropivacaine in the plasma following treatment with either PRF-108 or Naropin suggested no difference in the maximum plasma concentration (C max ) between PRF-108 and Naropin (2919 vs. 3162 ng/mL, respectively; Fig. 4) . A P value of 0.0520 was found when comparing the time at which C max was observed (T max ) for PRF-108 and Naropin (6.50 vs. 0.5 h, respectively; Table 1 ). ethanol-dosed animals (Fig. 6) . Table 2 There is extensive evidence suggesting that pigs' skin resembles the human skin in structure, function [8, 9] , innervation [10] and response to mechanical and thermal stimulation [6, [11] [12] [13] . Additionally, pigs have become a standard wound healing model due to the similarities to humans, including re-epithelialization rather than contraction [14] . Indeed, the level and duration of the effect of a single dose of Naropin are in line with what was found in humans. A double-blind randomized trial of wound infiltration with ropivacaine after breast cancer surgery with axillary node dissection suggests significant pain relief for 6 h post-treatment [15] . Pharmacokinetic studies in humans following spinal ropivacaine administration show a plasma peak at 0.5 h AUC inf area under curve extrapolated to infinity from dosing time, based on the last observed concentration, AUC last area under curve last: from dosing to last measurable concentration, CI confidence interval, C max maximum plasma concentration, NS not significant, SD standard deviation, T 1/2 half-life, T max time at which C max was observed post-administration and at 4 h post-administration the level of ropivacaine in the plasma was greatly reduced [16] . This is in line with the data described in this work.
Continuous wound infusion of ropivacaine results in a longer presence of ropivacaine in the blood that is dependent on the duration of the infusion. The advantage of a local infusion is the relatively low systemic exposure [17] . In this study, four additional animals were operated and injected with PRF-108 using the 6% ethanol formulation. Ethanol is known to interfere with wound healing. Most studies refer to the effect of systemic exposure to ethanol as an inhibition factor in wound healing. It is suggested that early dermal inflammatory responses, including MPO activity, production of MIP-2, KC, and IL-1beta, are impaired in mice given ethanol before injury, which may also have detrimental effects on later stages of wound healing [22] . We therefore observed the incision healing process in the group that was exposed to the formulation containing the higher ethanol percentage. Our data suggest no effect of this formulation on incision healing and closure.
CONCLUSIONS
This study suggests that PRF-108 and PRF-110 clearance from the wound is slower than that of the commercial ropivacaine solution. This can explain the high efficacy and prolonged duration of activity of these formulations compared to Naropin. It also suggests that an ethanol concentration of up to 6% does not affect the efficacy or clearance. Gross observations and detailed histology analysis suggest that the 6% formulation had no detrimental effects on incision healing. The low concentration of ropivacaine found in the blood following treatment with PRF-108 or PRF-110 suggests that the source of the analgesic activity was due to the high ropivacaine concentration found locally in the wound fluid and was not due to systemic exposure. Each sample was evaluated in three sections: sample A is approximately 1 cm from the marked (proximal) edge; sample B is from the middle; sample C is approximately 1 cm from the contralateral distal edge FE fully epithelialized, HF hair follicle, SC subcutis/subcutaneous a Neutrophilic infiltration suggestive of the presence of bacterial infection
